INTRODUCTION
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Resale or republication not permitted without written consent of the publisher cially severe, with 175 new lowest daily minimum temperature records and 158 new lowest maximum temperature records set across the state (NCDC 2010) . The number of manatee deaths was unprecedented, even in south Florida, with 480 carcasses recorded statewide during 3 mo from January 11 to April 9, 2010, a record number even for any previous 12 mo period (Barlas et al. 2011 ). This prompted the Working Group on Marine Mammal Unusual Mortality Events to declare an unusual mortality event (UME; Title IV, Marine Mammal Protection Act).
Florida manatees Trichechus manatus latirostris, an endangered sub-species of the West Indian manatee T. manatus manatus, inhabit fresh-and brackishwater rivers, bays, and estuaries in the subtropical regions of Florida and the southeastern United States (northern most limit for this species). Manatees in Florida have a limited ability to thermoregulate in cold water and regularly suffer from cold-related mortality (Irvine 1983 , Bossart et al. 2003 . Manatees are increasingly seen to retreat to warm-water refugia as water temperatures fall below 20°C to avoid cold stress (Deutsch et al. 2003) . Most manatees take shelter in power plant effluents or artesian springs during cold periods, but a substantial proportion of the population (typically several hundred manatees) are regularly found at passive thermal refugia (PTR) especially in areas that lack springs or industrial warm water, such as extreme southern Florida (USFWS 2001 , Laist & Reynolds 2005a . These PTR differ from springs or power plants in not having conspicuous, active point sources of warm water inflow. As such, the ability of PTR to adequately support large numbers of manatees during cold winters, even in south Florida, has remained unclear (Laist & Reynolds 2005a,b) .
Recently Stith et al. (2011) studied 2 PTR used by manatees in extreme southwestern Florida and identified the hydrological mechanism that maintained warm water temperatures. The PTR were part of canal systems that received freshwater from upstream and interaction with tidal waters downstream (Fig. 1) . The lighter freshwater flows over heavier saltwater, forming a halocline, or sharp, vertical salinity gradient between stratified layers. When sufficient fresh water flow was present, strong vertical salinity gradients provided barriers to convective mixing, which in winter allowed warm bottom water to persist below colder surface water. These beneficial temperature inversions would disappear if no halocline was present due to convective mixing of the water column. The mechanism was identified by analysis of empirical hydrological data collected at the PTR in winter 2006−2007 and 2007−2008 and confirmed by simulations from a 3-dimensional physics-based hydrology model for one of the PTR (Decker et al. 2012 ).
An understanding of the mechanism that maintains the thermal properties raised the possibility of managing or creating halocline-driven PTR (Stith et al. 2011) . However, lack of hydrological data for winters with severe cold periods left open the possibility that factors such as tidal mixing, wind, varying freshwater inputs, or conduction could disrupt the temperature inversion during severe cold. The unprecedented cold of winter 2009−2010 provided data to evaluate the hydrodynamics under extreme conditions. Stith et al. (2011) also noted evidence for a source of bottom heat, indicated by multi-day periods when the bottom layer was warming while the surface layer was cooling, but the source of heat was not determined. We examined additional hydrological data, including canal tidal stage and groundwater level, to look for potential hydraulic head differences and evidence that tidal pumping of groundwater could be a source of heat.
Additionally, the large number of wildlife deaths prompted extensive aerial and boat surveys that supplemented year-round manatee carcass recovery efforts to find and retrieve all carcasses and to determine cause of death. We used these data to assess whether manatee mortality from cold was reduced for manatees in the Ten Thousand Islands (TTI) region, where 2 halocline-driven PTR have been documented, compared to areas to the south in the western coastal Everglades (WCE), which lack similar artificial PTR. This 2 pronged approach allowed us to examine whether halocline-driven PTR can function as adequate warm-water refugia for manatees during severe winters in this region.
MATERIALS AND METHODS

Study area
Our study area encompassed extreme southwestern Florida, including the southern coastal region of Collier County, centering on the TTI region and extending south to Cape Sable in the Everglades (Fig. 2) . We divided the study area into 2 large regions that correspond roughly to the TTI region (west of Turner River to Marco Island) and the western coastal Everglades (Turner River south to Cape Sable) (Fig. 2) . Although the 2 regions are very similar ecologically, the underlying geology and historic hydrology has produced pronounced physiographic differences in the 2 regions. The TTI coast is highly dissected with innumerable channels, cuts, and small islands, whereas the Everglades National Park (ENP) is much less dissected with only a few large rivers and large islands (Parkinson 1998) . Manatees in the ENP have very few corridors connecting the Gulf of Mexico and inner bays/rivers, whereas in TTI there are hundreds of pathways. Telemetry data suggest that manatee movements in the 2 areas are very different (USGS unpubl.). Moreover, the availability of artificial warm-water refugia differs between the 2 regions.
The TTI region included the 2 PTR studied by Stith et al. (2011) , both associated with dredged canal systems southeast of Naples; one at Port of the Islands (POI), and the second at Big Cypress National Preserve Headquarters (BCNP) (Fig. 2) The western coastal Everglades region has a nearly continuous coastline with 5 large rivers connecting the Gulf of Mexico to an extensive set of inner bays, the largest being Whitewater Bay at the southern end. Several small winter aggregation sites for manatees, the most noteworthy of which being Mud Bay, have been identified based on winter aerial surveys (Stith et al. 2006 ) and a USGS telemetry study (USGS unpubl. data) . Conversely, the WCE region lacks canal systems, like POI or BCNP, that are de signed to drain wetlands and are accessible to manatees. The few canals that exist, such as Buttonwood Canal and boat basin complex at Flamingo, were de signed as transportation shortcuts for boats, rather than as parts of a drainage project that receives freshwater discharge.
Water depths in the canals at POI average around 2.5 to 3.0 m with a few deeper holes reaching 3.5 to 4.5 m. The canals at BCNP are considerably deeper, averaging around 5.0 to 6.0 m with some deeper sections reaching 7.0 to 8.5 m. Wa- 
Manatee data
Special aerial and boat surveys were conducted to search systematically for manatee carcasses, as well as American crocodile and other cold-sensitive species, throughout WCE and TTI during mid to late January 2010. Locations of carcasses were recorded on maps and via GPS. Reports of carcasses were also obtained from other sources such as boaters and fishermen.
Carcasses were verified and recovered whenever possible. Necropsies were conducted either on site or at the Fish and Wildlife Research Institute (FWRI) Marine Mammal Pathology Laboratory in St. Petersburg, Florida to identify cause of death.
We restricted our analysis of carcass data to a 2 wk period (January 13 to 28, 2010) because the most intensive sampling effort occurred during this period and was relatively uniform across the study area. This period also overlapped the first and most severe cold weather of the 2010 winter, when immediate death from acute cold shock rather than prolonged decline from chronic cold stress was most likely (Bossart et al. 2003 , Barlas et al. 2011 . The short time frame between extreme cold and carcass recovery made it more probable that an individual would have died in the area where it experienced severe cold.
On January 14, 2010 the Florida Wildlife Commission (FWC) flew its annual winter manatee synoptic aerial survey during the first extended cold spell, providing an initial snapshot of the distribution of live animals as the mortality event unfolded. These statewide (synoptic) aerial surveys cover manatee habitat in the major river systems, inland bays, shallow Gulf shoals, and all known primary and secondary manatee winter aggregation sites in the study area. Synoptic surveys (Ackerman 1995) follow a standardized protocol and flightlines; however both have been modified slightly over the past 20 yr as more information about survey timing and manatee distribution has been ascertained. Because of factors such as survey design, availability and heterogeneous detection of manatees, counts from these surveys are usually considered underestimates (minimum counts) and are not true estimates of abundance (Edwards et al. 2007 , Fonnesbeck et al. 2009 ). The synoptic survey data allowed us to compare the number of reported carcasses to the number of live manatees seen in TTI and WCE.
Hydrological data and analysis at the PTR
As a continuation of prior research (Stith et al. 2011) , we monitored the temperature and salinity at POI and BCNP for 2 additional winters (2008−2009 and 2009−2010) to characterize the vertical temperature and salinity regime. At each site we deployed 2 YSI 600 XLM water quality sondes within 15 cm of the surface using a floating mount, and the other within 15 cm of the bottom. Date and time, temperature, conductance, and salinity (calculated using temperature and conductance) were logged every 15 min.
In 2009−2010 we added a vertical string of thermistors to the monitoring station at POI to record temperatures at 30 cm vertical increments, with the deepest thermistor buried 30 cm into the mud layer, and the shallowest 168 cm above the mud. The mud temperature was of special interest because bottom-resting manatees were often seen partially coated in mud as they rose to the surface to breathe, suggesting that mud temperatures might be warmer than bottom water ones, as noted by Stith et al. (2011) .
Temperature, salinity, and stage data from a groundwater monitoring well near POI (SGT5W3; location on Fig. 2 ; approx. 3 km from POI) were obtained from the South Florida Water Management District (SFWMD) DBHYDRO data website (www. sfwmd.gov) for 2 winters (2008−2009 and 2009− 2010) . We investigated data from another nearby well (SGT5W2) but did not use these data because the groundwater was much less saline than both SGT5W3 and the POI bottom water, and SGT5W2 stage data showed large, non-tidal fluctuations that were absent at SGT5W3. We also obtained stage data (3 to 4 min intervals and daily averages) from just downstream of the FU-1 weir to investigate the role of tidal fluctuations in the canal. The uneventime-interval tidal data were interpolated to match the 15 min interval groundwater stage.
We plotted surface and near-bottom temperature and salinity data in vertical panels for the 2 winters for both sites. We plotted groundwater temperature data for SGT5W3 with the POI mud and water temperature data to see if groundwater was a possible source of bottom heat. We also plotted groundwater levels and tidal stage in the canal as an indicator of differences in hydraulic head and possible tidal pumping (Ganju 2011) . Discharge calculations for the FU-1 weir at POI were obtained from DBHY-DRO (SFWMD website). Discharge at BCNP was estimated by USGS at bimonthly intervals using velocity profile measurements and a cross-section estimate. Discharge data were plotted for POI and BCNP in vertical panels with temperature and salinity data.
Vertical profiles of salinity and temperature were measured during a peak cold period on January 8, 2010 along a north−south gradient from just upstream of the FU-1 weir to the southern end of the canal at the Faka Union Bay (6 sampling locations, see Appendix, Fig. A1 ). Three sites were within side canals in deeper holes used by manatees. These data allowed us to characterize the depth of the freshwater layer and the spatial extent of the salinity stratification in the canal system.
Following the approach of Stith et al. (2011), we calculated the density of water at the surface and bottom for POI (Fofonoff & Millard 1983) . We used data from both winters to portray a wide range of values under stratified and unstratified conditions. For each pair of bottom−surface measurements, we plotted the vertical difference in temperature and salinity, for 3 surface temperature thresholds representing increasingly stressful conditions for manatees (< 20, ≤18, ≤16°C). We also calculated the density differences between the bottom and surface and overlaid a contoured surface of these density differences on a plot of the corresponding vertical salinity and temperature differences. The plot emphasizes extreme cold temperatures (≤16°C) not found in previous years (Stith et al. 2011) , with density contours to show whether warmer, more saline bottom water remained denser than extremely cold surface water, and whether larger density differences were associated with stronger salinity stratification.
Correlation analyses were conducted for data at POI as in Stith et al. (2011) to examine relationships among several factors: (1) temperature difference (bottom minus surface), (2) salinity difference (bottom minus surface), and (3) freshwater discharge. We examined the relationship between freshwater discharge and temperature inversion to test the hypothesis that increasing flow rates and decreasing surface water temperatures would result in smaller temperature inversions. For this analysis we binned the surface temperatures into 4 categories (> 20°C, 17.99 to 20°C, 16 to 18°C, and <16°C) . We also examined the relationship between an indicator of head difference, measured as groundwater level minus tide stage, versus vertical temperature difference (bottom minus surface) to test the hypothesis that larger head differences were associated with larger temperature inversions.
RESULTS
PTR temperature inversions and stratification
Winter 2008−2009
Bottom temperatures at POI remained above 20°C and temperature inversions were strong for the first half of the winter, then became cold and fluctuated in near-synchrony with the surface as the halocline disappeared in the second half of the winter (Fig. 3) . During this period with no salinity stratification, the bottom temperature still cooled more slowly than the surface, showing a thermal lag of 1 or 2 d. Freshwater discharge was highest at the start of winter, and declined steadily to 0 by mid-February. This association between loss of discharge and loss of temperature-inverted haloclines is similar to 2006−2007, as reported by Stith et al. (2011; Fig. 3) . Brief periods can be seen during both winters when the bottom was warming while the surface was cooling (example in Fig. A2 ), but only when a halocline was present. As with all other years reported here and in Stith et al. (2011) , BCNP bottom temperatures were substantially warmer and more stable than POI. Discharge was much lower in 2008−2009 at BCNP than in 2009−2010, with bi-monthly readings falling close to 0 by early December (Fig. 4) . Accordingly, 2008− 2009 was the only winter when the halocline disappeared at BCNP (end of February 2009), and during this period the bottom temperatures fluctuated much more strongly than any other year (Fig. 4) . Surface waters were rapidly warming at that time, so the bottom water at BCNP did not dip below 20°C.
Winter 2009−2010
Bottom temperatures remained above 20°C and strong temperature inversions persisted at POI throughout the severe winter of 2009 with the exception of some brief bottom temperature dips to 18 to 19°C for a 1 wk period in mid-January. The temperature of the mud layer at POI remained above 22°C for the entire winter. During several cooling and warming cycles, a de-coupling of the bottom and surface temperatures was evident at POI, with the bottom layer warming while the surface was cooling (Fig. 6) . These bottom-warming, surfacecooling trends lasted multiple days, making it unlikely that the semi-diurnal tidal movement of water bodies with different temperatures could explain the ob served patterns. The bottom-warming, surface-cooling trends indicate a source of bottom heat separate from surficial interactions.
Freshwater discharge was continuous during winter 2009−2010, fluctuating around 6 m 3 s −1 for most of the winter (Fig. 5) . The continuous discharge and persistent halocline can be attributed to above average winter precipitation (NCDC 2010). BCNP bottom temperatures were substantially warmer and more stable than those at POI, remaining above 24°C nearly the entire winter (Fig. 4) . Positive freshwater discharge at BCNP was not as large as at POI, remaining below 2 m 3 s −1 during all but 1 bi-monthly reading (Fig. 4) .
Density relationships
Density relationships in 2008−2009 and 2009−2010 were similar to the previous 2 winters reported in Stith et al. (2011) , showing greater densities in the bottom versus surface even when the surface was much colder than the bottom, unless there was no salinity stratification. A major difference was the large number of hourly readings that fell below 16°C at the surface in 2009−2010 (Fig. 7) , compared to virtually none in all previous years. These coldest points were associated with the largest temperature inversions ob served during all years, but still fell within the most stable region where density differences were largest. The near vertical orientation of the density contours indicates that salinity had a stronger influence on density than temperature for the observed conditions, allowing the maintenance of these large temperature inversions.
Surface water discharge, salinity stratification, and temperature inversion
The salinity difference between the bottom and surface at POI for the 2008−2009 and 2009−2010 winters was strongly correlated with upstream freshwater discharge over the POI weir ( Fig. 8; Pearson's coefficient = 0.699, df = 230, p < 0.0001) and was very similar to previous years ( Fig. 10 of Stith et al. 2011) . The relationship between discharge and temperature inversion for different ranges of surface temperatures (Fig. 9) indicated that temperature inversions increased as flow increased and as surface temperatures decreased. However, a limit must exist where a sufficiently large, longduration flow rate at a sufficiently low enough temperature would cause the bottom to cool to detrimentally low temperatures (Decker et al. 2012 ). This limit was not reached in the observed data and appears to be unlikely, given that the largest flow rates are associated with the warmer wet season. greater depth of the surface layer occurring nearer to the source of freshwater (Appendix, Fig. A3 ). The 2 sites in the main canal showed higher salinities in the upper layer (15 to 18) than in the side canals. The southern entrance to the canal (5 km downstream of POI) had no stratification and showed uniformly high salinities that were equivalent to Faka Union Bay.
Tidal pumping and groundwater discharge During several major cold periods, bottom temperatures showed warming trends even while surface temperatures were rapidly declining and colder than the bottom (Figs. 6 & A2) . These bottom-warming, surface-cooling trends occurred during downward trending or extreme low tides that are usually associated with the passage of strong cold fronts, suggesting that tidal pumping was advecting warm groundwater into the bottom canal water. A significant correlation was found between the hydraulic gradient (groundwater stage minus tidal stage) and the temperature difference between the bottom and surface layer for winter 2009−2010 (Fig. 10 , surface < 16°C; Pearson's coefficient = 0.46, df = 1523, p < 0.0001).
Stable isotope analysis conducted for another study indicated that the bottom water at POI has tidal water from the Gulf as its primary source (USGS unpubl. data), suggesting that the groundwater is recirculated seawater that has intruded into the surficial aquifer around the canal.
Live and dead manatees
Aerial survey counts of live manatees in the TTI region were more than twice that of the WCE region (Table 1; 166 and 75 ind., respectively). Seventy-five percent of the total count for TTI occurred at the 2 PTR. The largest manatee aggregation in the WCE region was at Mud Bay (45 ind.), accounting for 60.0% of the total count in WCE. Because of heterogeneous detection rates and other issues, these survey results represent minimum counts. Counts of dead manatees, however, were many fewer in TTI compared to WCE (Table 1; 11 and  76 ind., respectively). Between January 13 and 28, 2010, a total of 5 carcasses were found at POI and the Faka Union Canal connecting it to the Gulf, with 6 additional carcasses recovered throughout the rest of the TTI region. Cause of death was determined to be cold related for all but 2 of the carcasses from POI and TTI. Because of the remoteness and inaccessi bility of many of the carcasses in WCE, 65 of the 75 were verified but because a full necropsy was not performed, cause of death could not be determined. Cold-related causes were identified for the remaining 10 carcasses and strongly implicated in the 65 others due to the exceptionally high number of carcasses found associated with the brief, unprecedented cold period.
Carcass counts for the remainder of the winter (January 29 to March 19) showed a similar pattern, with an additional 26 carcasses with undetermined cause of death reported in WCE, and 8 cold-related carcasses (7 cold-related, 1 with undetermined cause of death) found in the TTI region (4 at POI or the Faka Union Canal). 
DISCUSSION
Despite the record-setting cold temperatures during the severe winter of 2009−2010, the PTR at POI and BCNP maintained bottom water near or above 20°C, providing temperatures sufficiently warm for most manatees to avoid severe cold stress or hypo thermia (Bossart et al. 2003 , Laist & Reynolds 2005a . The large counts of live manatees at these 2 PTR and the relatively small carcass counts in the associated TTI region contrasted sharply with WCE, where a large number of manatees were found dead, most likely because they did not have access to PTR that functioned as well as POI or BCNP as warm-water refugia. Although detection rates, survey effort, and other factors undoubtedly differed between regions, such biases seem unlikely to account for the large differences in the number of dead and live manatees detected in the 2 regions. The small carcass count and large live count in the TTI region can be ex plained parsimoniously by the availability of warm water we measured at POI and BCNP during this record-setting cold, suggesting that these PTR played an important role as warm-water sites for manatees in this region.
The findings that PTR provided warm water even during severe cold are significant because uncertainty exists about the ability of PTR to function adequately as warm-water refugia (Laist & Reynolds 2005b) . PTR are generally thought to provide marginal or unreliable warm water compared to the 2 major sources of warm water used by most manatees: springs and industrial thermal effluent (primarily power plants) (Laist & Reynolds 2005a,b) . Possible loss of major warmwater sites, due to power plant shutdowns or reductions of spring flow, has been identified as a significant threat to the long-term viability of the manatee population, second only to watercraft mortality (Runge et al. 2007 ). PTR could become more attractive or important to manatees with the loss of warm-water sites. A complicating factor is that various larger scale changes, such as water-management policies or climate change, could alter the availability of freshwater at PTR and perhaps the temperature regimes. Thus, understanding the mechanisms responsible for providing warm water at PTR has been identified as important to the management and recovery of manatees (USFWS 2001 , FFWCC 2007 .
Multiple mechanisms appear to operate at POI and BCNP to create and maintain warm water, and similar mechanisms may operate at other PTR in Florida. We suggest 3 primary mechanisms can be used to characterize PTR: (1) thermal inertia, (2) salinity stratification, and (3) groundwater discharge. All 3 of these mechanisms may operate at a given site. Salinity stratification and groundwater discharge may be absent or operate intermittently or continuously at a given PTR, resulting in different warm-water regimes. Thus, identifying the dominant mechanisms may be important to understanding the conditions under which a site might be unreliable or manageable as a winter refuge.
Thermal inertia is a mechanism that is present at many PTR simply because they have greater depths compared to other water bodies used by manatees. Typical artificial PTR consist of dredged canals or basins with in creased depths that increase thermal mass, have small surface dimensions relative to volume that reduces heat loss to the atmosphere, and are narrow with limited fetch that reduces wind-induced convection (Stith et al. 2011) . A 3-dimensional hydrology model of POI showed that increasing canal depth by 1 m substantially reduced the time duration of bottom temperatures falling below 20°C (Decker et al. 2012 ). This simulated thermal inertia effect occurred in the absence of salinity stratification. A thermal inertia effect can be seen at POI in the second half of winter 2008−2009 (Fig. 3) , when salinity stratification was absent. Warmer minimum bottom temperatures and a delay in cooling occurred compared to the surface temperatures. The ob served thermal lags were brief, lasting 1 or 2 d, and bottom temperatures still fell below 20°C during strong cold fronts. A similar pattern was seen at the Matlacha, Florida, PTR, where Barton (2006) concluded that the warmer temperature of the canals was due to heat retention associated with greater depths and re duced tidal flushing. Thermal inertia may provide warm bottom-water at PTR during cold periods that are mild or short in duration. However, during severe or prolonged cold periods, the bottom temperatures may become excessively cold if thermal inertia is the only mechanism reducing heat loss. Under such conditions, these PTR are likely to be unreliable as warm water refugia (Barton 2006 , Stith et al. 2011 ) and may function as temporary stopovers for migrating or foraging manatees under mild winter conditions (Deutsch et al. 2003) . Another heat-related mechanism that may be significant in some PTR is groundwater discharge. Springs have groundwater discharge that is characterized as laminar flow through vents or seeps (Scott et al. 2004 ), whereas at PTR groundwater discharge, ; bottom to surface), with neutral density occurring at the zero contour and increasingly stable configurations (bottom denser than surface) occurring at points further to the right if present, is more diffuse and generally lacking observable point sources. Groundwater entering PTR typically comes from unconfined surficial aquifers rather than artesian aquifers (Laist & Reynolds 2005a) .
Head pressure in surficial aquifers is relatively small due to the shallow elevational gradients found in Florida (Reich 2010) . Nevertheless, groundwater discharge can be a significant heat source in canals, rivers, and other water bodies, and heat measurements are commonly used as a groundwater tracer (Anderson 2005 , Constantz et al. 2008 . If a PTR has a strong halocline that suppresses vertical mixing, even a relatively small volume of warm groundwater (Fig. 3) , and in some areas discharge rates are sufficient to maintain warm water temperatures even during severe cold. For example, the freshwater L31 canal on the east side of the Everglades acted as a groundwater-driven PTR for nonnative freshwater fish during the severe cold of January 2010 (Harvey et al. 2011) and remained above 17°C during the coldest period. Coastal canals in nearby Coral Gables provide a well-known manatee PTR (Laist & Reynolds 2005a,b) , as do some other canals in the extensive multi-county canal system, which receive significant warm groundwater discharge from the shallow, porous Biscayne aquifer (Renken et al. 2005) . At POI, a distinctive heat signature of groundwater discharge can be seen during the extreme cold periods of 2009−2010, when bottom temperatures showed multi-day warming trends even while the colder surface water rapidly declined in temperature (Fig. 6 ). These heat signatures are associated with periods of average downward trending or extreme low tides, when canal water levels were low compared to groundwater levels. The correlation analysis also showed that larger head differences created by low tide cycles were associated with larger temperature inversions. These are good indicators that tidal pumping (Ganju 2011 ) was advecting warm groundwater into the bottom water during low tidal periods of winter 2009−2010, allowing bottom water to warm independently of the colder surface water. Similar bottom-warming, surface-cooling trends can be seen during the first half of winter 2008−2009, but are absent during the second half, when salinity stratification was no longer present (Fig. 3) . This suggests that salinity stratification was needed to retain groundwater heat that was advected into the bottom layer.
Salinity stratification appears to be a key mechanism maintaining warm water at POI, and freshwater inflow is needed to create salinity stratification ( Fig. 8 ; Stith et al. 2011) . Loss of salinity stratification was associated with reduction and loss of upstream freshwater discharge in winter 2008−2009. Numerical experiments indicated that the observed thermal inversions with warm bottom water temperatures would not exist for any significant period of time if salinity stratification was not represented (Decker et al. 2012) . Even though surface water temperatures in 2009−2010 were colder than previously recorded years (Stith et al. 2011) , the temperature inversions not only persisted but became larger as surface tempe rature decreased and flow increased (Fig. 9) . This relationship might seem counterintuitive, since in creased mixing might be expected as flow increased, and greater heat loss and turnover might be ex pected as surface waters cooled and became denser. However, the density of the saline bottom water remained greater than that of the colder, fresher surface water (Fig. 7) , resulting in a stable density distribution that prevented the temperature inversion from being disrupted by factors that might cause vertical mixing, such as tidal action or wind.
The amount of freshwater inflow required to create and maintain an effective temperature inverted halocline is likely site-specific. At POI, a surface layer of freshwater roughly 1 m thick was associated with the pronounced temperature inversion during the severe cold of winter 2009−2010, forming a pycnocline or sharp boundary between layers with different salinities (Fig. A3) . Pycnoclines may not be necessary to maintain thermal inversions; partial stratification with a gradual increase in salinity from surface to bottom may inhibit vertical mixing (Dyer 1997 ). POI appears to lose salinity stratification fairly rapidly as freshwater discharge declines, whereas at BCNP the stratification appears to persist for several weeks or longer even with much reduced freshwater inflow. BCNP was substantially warmer than POI during both winters, with bottom temperatures remaining above 22°C. BCNP may remain warmer and retain stratification longer than POI at least in part because BCNP has less mixing due to deeper, narrower canals, less flushing due to a more restricted tidal connection and more uneven bathymetry, and higher groundwater influx associated with greater canal depth (Stith et al. 2011) .
Other heat-related mechanisms undoubtedly operate at these PTR. Solar radiation is a dominant source of shallow water heat (Ji 2008) and can rapidly warm the entire PTR water column after the passage of cold fronts. Solar gain may be enhanced by certain PTR characteristics, such as presence of windbreaks (e.g. trees, houses), or clear water, which enhances solar penetration. The warmer groundwater and substrate act as a large heat source that conveys heat upward via conduction, but conduction is generally minor compared to advective mechanisms such as groundwater discharge. Heat may also be generated by benthic microorganisms, but relevant studies are lacking or generally attribute a greater role for abiotic sources of heat (Pamatmat 1982 (Pamatmat , 2003 . Additional research is needed to clarify the modes and rates of heat flux, but our results indicate that without salinity stratification, heat can be rapidly lost from the entire water column due to convective mixing (Stith et al. 2011) . The combination of salinity stratification and groundwater discharge seems to provide the warmest bottom-water temperatures.
The favorable warm water characteristics of POI and BCNP suggest that the creation or management of PTR for manatees could be considered as a management alternative to other sources of warm water, provided sufficient salinity stratification and/or groundwater discharge is present. Canal systems similar to POI or BCNP exist in other parts of the state, and winter aggregations of manatees have been seen at canal systems in Brevard, Miami-Dade, St. Lucie, Palm Beach, and Lee counties (Laist & Reynolds 2005a ,b, Loomis 2010 . Useful temperature measurements have been made at some of these sites (Loomis 2010 , Barlas et al. 2011 , but the role of salinity stratification, groundwater discharge, or tidal pumping remains unclear. Aside from the difficulty and expense of collecting detailed data to characterize PTR, other problems arise once the site conditions and mechanisms are understood. For example, freshwater discharge might be unreliable or unavailable during winter, preventing the establishment of halocline-driven PTR. Even if freshwater were available, numerous competing demands for human use might dictate against water release in winter, especially during drought years, when winter water shortages are especially acute. Most coastal canals with freshwater discharge have salinity-blocking structures that control freshwater flows and levels to meet conflicting goals, including prevention of saltwater intrusion, flood protection, stormwater drainage, conservation of surface water for consumptive uses, aquifer recharge, and maintenance or restoration of healthy aquatic ecosystems (SFWMD 2010). Nevertheless, providing freshwater flow during the winter dry season may be beneficial or important to estuarine health (Fernald & Purdum 1998 , Sklar & Browder 1998 , McVoy et al. 2011 , thus PTR management may be compatible with some ecosystem restoration or management goals.
Other habitat needs and risk criteria have been identified for manatee use of canals (Ferrell et al. 2004 ) that are relevant for PTR. These include (1) manatee accessibility (absence of shallow, narrow restrictions or excessively long distances), (2) availability of nearby food resources, (3) exposure to watercraft traffic, (4) presence of dangerous water control structures, and (5) ability to establish and enforce protection zones at PTR to regulate human disturbance. Additional considerations for creating new warm-water sites have been identified in the Florida Manatee Management Plan (FFWCC 2007) , including minimizing reliance on technological solutions, allowing for behavioral adjustments by manatees to adopt new sites and overcome strong site fidelity to old sites, and developing contingency plans to respond to temporary or permanent loss of warm-water habitat.
Given the potential loss or reduction in carrying capacity of some warm-water sites and the associated threat to population viability, identifying, protecting, and enhancing warm-water sites has been a major goal identified for the recovery of manatees (USFWS 2001 , FFWCC 2007 . This threat may not be reduced in the near future due to climate change, as greater variability and more extreme weather may occur (Kodra et al. 2011) , and large-scale changes in circulation patterns associated with loss of sea ice (Liu et al. 2012) or the Arctic Oscillation (Cohen et al. 2010 ) are expected to continue to produce sporadic cold-air outbreaks from the Artic, irrespective of any global trends in mean temperature. Management of the Florida manatee, as well as other temperaturesensitive species, most likely will continue to require consideration of warm-water availability issues in the foreseeable future. Inventorying and monitoring the state's coastal canals, rivers, or small bays that have potential as halocline-driven and/or groundwaterdriven PTR might help evaluate the potential of PTR from a statewide manatee perspective. Our results suggest that halocline-driven PTR can provide warm-water sites in extreme southwestern Florida and can support large numbers of manatees, but additional research is needed in other areas to determine how these findings might apply to understanding and managing warm-water habitats in other parts of the state. 
